The adsorptive removal of antimony (III) has been successfully obtained on montmorillonite (MMT) and modified MMT from synthetic solution. The adsorption behavior of the modified and unmodified MMT has been investigated as a function of initial concentration of metal ion in the solution, pH of the solution and contact time using a batch extraction process. The optimized process can be applied for the adsorption, detection and estimation of antimony from 0.006 µg/ml (6.0 ppb) to 100.00 µg/ml (100.0 ppm) in aqueous solution. It has been observed that almost 99% of antimony (III) can be successfully extracted from a solution containing 100 µg/ml of the metal ion at pH 6.0 at 25˚C ± 2˚C. The investigation of the kinetics of sorption of antimony (III) on MMT/modified MMTshows intraparticle diffusion to be the rate limiting step during the initial stages of adsorption followed by chemisorption.
Introduction
The metals of major environmental concern in the present day world are arsenic, cadmium, antimony, chromium, cobalt, copper, lead, manganese, mercury, nickel and zinc, etc. Antimony hasbeen considered as one of the toxic and carcinogenic metal [1] . Antimony and its compounds are considered as pollutants of priority interest by the Environmental Protection Agency of the United States (USEPA, 1979) and the European Union Council of the European Communities (1976) . The maximum admissible concentration of antimony established by the European Union in drinking water is 5 mg/l [2] .
Antimony shares some toxicological properties with arsenic [3] [4] [5] and thus the contamination of natural water by the metal is a world-wide problem posing a challenge for the world scientists. Antimony can occur in a variety of oxidation states (-3, 0, +3, +5) but mainly exist in two oxidation states (+3 and +5) in environmental, biological and geochemical samples [6] . Antimony exists primarily as antimonate, Sb (V), in oxic systems and antimonite, Sb (III), in anoxic systems [7] . Of both the forms Sb (III) is known to be more toxic than Sb (V) and is predominant in ground waters. The trivalent specie is responsible for the mediation of its toxicological effects [8] .
The International Agency for Research on Cancer (IARC) has reported adequate evidence for the carcinogenicity of antimony (III) in experimental animals. World production for antimony has been estimated as 165,000 tons antimony mine output that is considerably larger than arsenic [9] . Environmental enrichment of the metalloid occurs naturally in areas of geological mineralization and anthropogenically as well [10] [11] [12] [13] although the majority of antimony contamination appears to originate from mining and industrial emission sources, often smelting [14] .
Chronically hazardous, elevated exposures to antimony have been mostly caused by the intake of contaminated water [15] [16] [17] . The presence of antimony in natural water is due to leaching from the antimony containing rocks and sediments, thereby causing increased incidents of various kinds of cancer targetting skin, lung, liver, bladder and kidney, skin thickening (hyperkeratosis) neurological disorders, muscular weakness, loss of appetite and nausea [17] [18] [19] [20] .
The conventional analytical techniques reported for the removal of antimony from aqueous solution includes coagulation and flocculation, precipitation and ion exchange, ozone oxidation etc. Most of these methods involve production of highly contaminated sludge [21] ; high maintenance cost and requires relatively expensive mineral adsorbents which offset performance and efficiency advantages. Adsorption utilizing biological materials, mineral oxides, aluminosilicates, activated carbon, polymer resins has generated increasing interest [22, 23] .
In the present work, montmorillonite (MMT, a class of Smectite clay mineral) has been selected as the host material for the removal of antimony (III) from aqueous solutions. MMT is known for its low cost, high surface area, high chemical stability, high sorption properties and rich intercalation chemistry.
The best detection limit reported so far for antimony (III) using bentonite accounts for 1.0 µg/ml [24] . We have been successful in devising an efficient and costeffective methodology based on the simple principle of adsorption for the removal of antimonite from aqueous solution with the competence of detecting and extracting Sb (III) from as low as 0.006 µg/ml, a concentration much lower than assigned by the European Union in drinking water (5.0 mg/l) whereas almost touching the maximum permissible limit assigned by World Health Organization (0.005 µg/ml).
Experimental

Materials and Methods
Montmorillonite (MMT-KSF) was obtained from Sigma Aldrich (USA). Cetylpyridinium chloride (CPC) and cetyl trimethylammonium bromide (CTAB) were obtained from Merck (Germany) and British Drug House (England) respectively. Potassium antimonyl tartarate was obtained from British Drug House (England), Sodium hydroxide; hydrochloric acid and potassium iodate were obtained from Qualingens (India). Leuco crystal violet (LCV) was obtained from Sigma Aldrich Pvt. Ltd. (Germany). The AR grade chemicals/reagents and double distilled water was used throughout the experiment.
Synthesis of Modified Montmorillonite
Surfactant modified clay (CPC-MMT and CTAB-MMT) were synthesized by the modification of the reported procedures [25] .
5.0 g of MMT, (dried at 80˚C) was dispersed in 250 ml double distilled water and was allowed to stand for 24 hours to wash and allow the clay to swell. To this 1% aqueous surfactant (CPC and CTAB) solution was gradually added with constant stirring for 3 hours at 26˚C ± 2˚C at 1 atm. The clay suspension was separated by centrifugation and washed with double distilled water for the complete removal of unreacted surfactant. The residues thus obtained were dried at 80˚C and was labelled as CPC-MMT and CTAB-MMT.
Preparation of Antimony (III) Stock Solution
Sb (III) stock solution (1000 ppm) was prepared by dissolving 2.668 g of potassium antimonyltartarate in double distilled water and the volume of the solution was made up to 1liter in a standard volumetric flask.
Spectrophotometric Determination of Antimony (III)
The concentration of antimony was determined spectrophotometrically at 592 nm, using LCV (Leuco crystal violet) by the modification of reported procedure [26] . A linear calibration graph, absorbance vs. concentration of the crystal violet (CV) produced from the reaction of Sb (III) with LCV, which is directly proportional to the concentration of Sb (III) in solution is obtained. The concentration of Sb (III) in each unknown solution was calculated from the calibration curve. The reagent blank does not indicate any noticeable absorbance at the chosen wave length.
Batch Adsorption of Sb (III) on MMT and Modified MMT
The adsorption experiments were carried out using MMT and modified MMT (CPC-MMT and CTAB-MMT). The batch experiments were carried out using 0.1 g of the adsorbent with 50 ml of metal solution. Studies were performed as a function of concentration of metal in the solution, pH of the solution and contact time. The percentage of the metal adsorbed onto the adsorbent was calculated using the following expression
Amount of metal adsorbed (q e ) was calculated from the following expression
where C i was the initial concentration (mg/L), C e was the final concentration of Sb (III) in the solution after equilibrium was attained (mg/L), V was the volume of the Sb (III) solution (l) and m was the mass of the adsorbent (g) used.
Results and Discussions
X-Ray Diffraction Analysis
In addition to adsorption onto external surface, intercalation also takes place in phyllosilicates as evident from the XRD analysis. The d (001) spacing of MMT, CTAB-MMT and CPC-MMT was found to be 1.2, 1.76 and 1.95 nm respectively (an increase, with respect to MMT, of 0.56 nm and 0.75 nm for CTAB-MMT and CPC-MMT respectively), as already reported in our previous work [27] . The results suggest CTAB and CPC attached strongly to MMT because of the higher van der Waals and electrostatic interactions with the negatively charged silicate layers [28] .
Fourier-Transform Infrared Analysis
The infrared spectroscopic analysis of the modified montmorillonite is shown in Figure 1 . An intense relatively broad hydroxyl-stretching band is observed at 3440 cm −1 in MMT combined with an intense, relatively sharp band is observed at 3629 cm −1 in the modified MMT (CTAB-MMT and CPC-MMT) that accounts for the presence of intermolecular hydrogen bonding.
The band at 3440 cm −1 is unaffected by the presence of the CTAB and CPC and is assigned to the OH-stretching vibration of the montmorillonite. The water in the montmorillonite interlayer is gradually displaced by the CTAB/CPC as their concentration increases.
The stretching vibration of the C-H bonds at 2854 cm −1 (sym. -CH 2 ) and 2928 cm −1 (asym. -CH 2-) in CTAB-MMT and CPC-MMT respectively are absent in MMT, thereby confirming the presence of the organic moiety onto the modified clay surface [29] .
The adsorption of surfactant causes Si-O bond polarization due to the positive charge on the silicate surface and thus the Si-O dipole moment and consequently the stretching band intensities increase in modified MMT. The excessive nonstoichiometric amount of CPC and CTAB results in high accumulation of the positive charge that provides the most intensive Si-O spectral bands.
Accordingly, the surfactant molecules of saturated modified MMT are assumed to be attached to the montmorillonite external face not only via the electrostatic forces related to the stoichiometric ion exchange but also due to interaction between aromatic nitrogen with the crystal edge or the other acidic site by the hydrophobic π-π interactions of two neighboring aromatic rings.
Effect of pH on Adsorption
The effect of pH on the amount of antimony adsorbed from the solution using MMT and modified MMT was investigated in the pH range of 1 -12 (Figure 2) . The percentage of Sb (III) adsorbed on MMT increases from 95.1% to 97.0% in the pH range of 1 -6, and then decreased to 95.0% at pH 12. A similar behavior was observed for modified MMT where in 96.5% to 99.0% of Sb (III) is adsorbed using CTAB-MMT and 97.8% to 99.0% using CPC-MMT respectively.
Thus, the results indicate that more than 95.0% of Sb (III) can be successfully removed in the pH range 1 -12, from aqueous solution thereby making it a pH independent process.
In highly acidic medium Sb (III) mainly exists in the form of neutral antimonous acid, H 3 SbO 3 species that onsets dissociation with increasing pH to produce antimoniteions. Thus, the adsorption of Sb (III) on positively charged adsorbents increases and maximizes at pH 6.0. However, the extent of adsorption is much higher (>90%) on modified MMT due to the presence of higher positive charge density, as supported by the experimentally observed zeta values (zeta potential: MMT = 12.9 mV, CPC-MMT = 17.2 mV and CTAB-MMT = 21.6 mV). At pH > 8, the adsorbent surface gradually becomes less positive and hence, the interaction between the adsorbent and antemonite ions decreases leading to an insignificant decrease in Sb (III) uptake. The Sb (III) solutions were maintained at pH 6.0 for further investigations, that lies in the pH range of most of the drinking water available.
Effect of Contact Time on Adsorption
The extraction efficiency of antimony on MMT and modified MMT was investigated as a function of time, the pH of the solution was maintained at 6.0 (Figure 3) . The percentage of Sb (III) efficiently absorbed extracted from its aqueous solution, using MMT marginally decreased from 94.9% during the contact time of 10 minutes to 93.6% during 60 minutes, and thereafter remains almost constant up to 180 minutes. CPC-MMT and CTAB-MMT shows an uptake of 98.0% during the initial 10 minutes and thereafter decreases to 95.0% during 180 minutes, at pH 6.0. The adsorption of Sb (III) on MMT and modified MMT was found to follow a steep rise during the initial phase of the experiment. This could be due to the availability of a large number of adsorption sites on the adsorbent surface. Maximum adsorption of Sb (III) was observed in the time duration of 60 minutes and beyond this no further increase in adsorption was observed.
Taking into account an efficient adsorption of almost 90% -99% of Sb (III) from the solution during the contact time of 10 minutes, using MMT and modified MMT, an attempt was made to investigate the minimized time required for the removal process, wherein the maximum extraction of 98.5% of antimonite from its aqueous solution was observed in 10 minutes, using CPC-MMT.
The results indicate an extraction of 94.5% of and 98.5% of Sb (III) using CTAB-MMT and CPC-MMT respectively. Thus, a minimum duration of almost 10 minutes is enough to make an efficient removal 95.0% -99.0% Sb (III) of antimonite from an aqueous solution, using modified MMT. This time duration poses new horizons to the removal efficiency of antimonite wherein no such work has been reported so far, to the best of our knowledge.
Effect of initial Concentration of Metalion on Adsorption
The adsorption efficiency of the adsorbents used forthe removal of Sb (III) from an initial concentration of 0.01 -100 µg/ml, using MMT and modified MMT was investigated. An adsorption of 92.0% and 78.0% of Sb (III) from an initial concentration of 100 µg/ml and 10 µg/ml solution of antimonite respectively has been observed using unmodified MMT whereas modified MMT (CPC-MMT) shows 99.0% and 84.0% of Sb (III) adsorption from 100 µg/ml and 0.01 µg/ml solution of antimonite respectively (Figure 4 ).
An increase in Sb (III) adsorption on all the three adsorbents within the given concentration range indicates a heterogeneous system wherein the adsorption is not restricted to monolayer formation. The percentage of antimonite extracted by modified MMT was observed to be higher than that of the host clay. This increase in adsorption is due to the electrostatic attraction between the appreciable positively charged adsorbent (modified MMT) and the neutral as well as negatively charged antimonite.
Adsorption Isotherm
The sorption process considered in the present research work involves surfactant modified MMT as the solid phase and an aqueous phase containing dissolved antimony specie to be sorbed. Due to the higher affinity of the adsorbent for the ionic specie, it is attracted to bind to the solid/adsorbent. This process takes place until equilibrium between the amount of solid bound ions and their concentrations in solution is reached.
The surface heterogeneity and the exponential distribution of active sites and their energies is encompassed by the Freundlich isotherm. It is one of the widely used mathematical descriptions that fits the experimental data over a wide range of concentrations and describes a heterogeneous system and reversible adsorption process that is not restricted to monolayer formation. The linear form of the above equation is given as:
where Kf is the Freundlich constant (mg/g) and 1/n is the heterogeneity factor. A plot of logqe and logC e gives a straight line and the values of Kf and n can be calculated from the intercept and slope of the plots respectively. This model predicts that adsorption of antimonite on the adsorbents increases with increase in metal concentration in the solution.
The antimonite adsorption onto the adsorbents follow the linear fit of the equation thereby suggesting the best fit for the Freundlich isotherm and the heterogeneity of the system as shown in Figure 5 . The linear equations obtained were logq e = 1.7268 logC e + 2.4079 for MMT, logq e = 0.0023 logC e + 0.763 and logq e = 1.7128 logC e + 2.640 for CTAB-MMT and CPC-MMT respectively and the regression coefficient (R 2 ) was found to be 0.987 for MMT, 0.830 and 0.801 for CTAB-MMT and CPC-MMT respectively.
The Kf values for Sb (III) adsorption onto CPC-MMT and CTAB-MMT obtained from the equation were 436.51 mg/g and 255.80 mg/g respectively whereas 11.61 mg/g for MMT. Thus, an efficient adsorption capacity of the modified MMT is observed than the host clay, MMT. The value of "n" obtained from the isotherm equations was 0.579 and 0.584 respectively that indicate a favorable adsorption process. 
Kinetic Studies
The time dependent metal adsorption behavior was measured by varying the equilibrium time between adsorbate and adsorbent in the range of 01 -180 minutes.
The sorption mechanism and potential rate controlling step of Sb (III) adsorption using MMT and modified MMT have been investigated using kinetic models to test the experimental data. The adsorption kinetic models mentioned in the literature have their own limitations and are derived according to the certain initial conditions based on certain experimental and theoretical assumptions. The best fit for the experimental series of the study was achieved by investigating various kinetic models. The pseudo-first-order model of Lagergren et al., pseudosecond-order reaction model of Ho and McKay [30, 31] and intra-particle diffusion were analyzed and a comparison of the best fit sorption mechanism were made using an initial concentration of 100 mg/l of Sb (III). The overall calculation for the rate of adsorption was estimated and the mechanism of adsorption was determined by the rate determining step.
The Lagergren pseudo-first order kinetic model assumes the rate of change of solute uptake with time as directly proportional to the difference in saturation concentration and the amount of solute uptake with time. The linear form of Lagergren pseudo-first order kinetic model equation is given as 1 log log 2.303
The linear fit correlation coefficient for antimony (III) adsorption on the adsorbents indicate that the pseudofirst-order reaction model slightly deviates with coefficient of correlation as 0.698, 0.884 and 0.891 for Sb (III) adsorption onto MMT, CTAB-MMT and CPC-MMT respectively as shown in Figure 6 . Thus pseudo first order model is not found to be in total agreement for the adsorption. However the relationship between initial concentration of Sb (III) and the rate of adsorption is not linear when pore diffusion limits the adsorption process, (Figure 7 ) and thus pseudo first order reaction model is accompanied with another model.
The Ho and McKay Pseudo-second order kinetic model equation given by Ho and McKay is based on the sorption capacity of the solid phase. 
Thus, the applicability of pseudo-second order kinetic model is confirmed by the straight line plot of The low correlation coefficient of Sb (III) adsorption using MMT and modified MMT during initial contact time of 10 minutes shows that adsorption on the outer surface of adsorbent is also accompanied with the possibility of transport of adsorbate into the interlayer space of adsorbent, due to attiring on batch process (Intraparticle kp is the intraparticle diffusion coefficient.
The linear equation obtained for the Sb (III) adsorption using MMT was q t = 0.321 t 0.5 + 37.32 (R 2 = 0.958) whereas q t = 5.592 t 0.5 + 31.01 (R 2 = 0.940) using CTAB-MMT and q t = 5.479 t 0.5 + 32.723 (R 2 = 0.968) using CPC-MMT that signifies an appreciable acceptance of the model. Figure 7 show smultilinearity for Sb (III) adsorption indicating two or more steps; the first sharper portion imitates the instantaneous adsorption followed by the second, the gradual adsorption stage wherein intraparticle diffusion is rate controlled. The final (equilibrium) stage wherein the intraparticle diffusion starts to slow down due to extremely low Sb (III) concentration in the solution. The slope of the second stage is called the intraparticle diffusion rate constant, kp. The linear part of the curve does not pass through origin, indicating that the antimonite adsorption mechanism is complex wherein both surface adsorption as well as intraparticle diffusion contributes to the rate determining step.
Conclusion
The results obtained indicate that the adsorption capacity of modified MMT for Sb (III) is higher than that of MMT with an efficient extractability and detectibility from as low as 0.006 µg/ml of the analyte. The adsorption of Sb (III) onto the adsorbents used follows the physical adsorption along with the intraparticle diffusion during the initial phase of contact time followed by the chemisorption during the following duration of contact (10 minutes to 180 minutes).
